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Introduction
Porous metal-organic frameworks (MOFs) are a class of nanoporous, crystalline material composed of metal ions, or metal -containing inorganic clusters, linked together by heteroatom containing organic molecules to form 3-dimensional structures. 1 These structures exhibit pores that propagate through the structure in one, two or three dimensions, imparting these materials with exceptionally high porosities and specific surface areas. 1 Since the synthesis of the first MOF, that could maintain porosity in the absence of guest molecules in the pore network, 2 huge research interest has focussed on investigating the many and varied potential applications of these novel materials. [3] [4] [5] [6] [7] [8] [9] [10] [11] An application of MOFs that has received comparatively little attention is in data storage. The limited research that has been done has demonstrated the possibility of utilising pure MOFs, 12, 13 MOF composites, 14 MOF derived materials 15 and similar metal organic compounds 16, 17 to fabricate devices for electrically addressable data storage that rely on being able to change resistance between a low "on" and high "off" state. Such devices are often referred to as resistive memory devices or "memristors". 18 Switching between the two states, and determining which state the device is in, are both achieved by application of a potential. Usually a significantly higher "writing" potential is required to switch states than to determine a state. 18 When determining a state a "reading" potential is applied and the current is recorded, a high current corresponding to a low resistance "on" state and a low current corresponding to a high resistance "off" state. The mechanisms by which these devices switch between their high and low resistance states upon application of a high "writing" potential vary. 18 In some devices the applied potential chemically converts an active material on or between the electrodes into a different phase, or different material, with a different resistance. 12, 14-16, 19, 20 If the conversion is reversible then the device is rewritable, however if it is irreversible then once the device has been written into a state it cannot be changed. Such devices are referred to as Write Once Read Many (WORM) devices. 14 In other devices, referred to as RedoxBased Resistive Switching Memories (ReRAMs), the high resistance "off" state and low resistance "on" state are interconverted by the reversible formation and destruction of an electrically conductive filament grown between the two electrodes as a function of the applied potential. 17, 21, 22 When the filament is only in contact with one electrode then the device has a high resistance, but as soon as the filament contacts the second electrode the device essentially shorts leading to a much lower resistance. A recent publication has demonstrated that a similar effect is possible without the formation of a filament connecting both electrodes, but instead through the formation of a network of un-connected metal nanoparticles dispersed in a porous material. 13 These Ag nanoparticles provide a pathway for electrons to pass through the porous ZIF-8 from one electrode to the other via a hopping type mechanism. 13 The system is also shown to be environmentally responsive, with the high resistance state shown to vary significantly dependent upon the atmospheric contact of a variety of organic molecules. 13 MOFs as thin films possess intrinsic advantages over MOFs in other forms when it comes to attempting to integrate them into electronic devices.
Other recent work has demonstrated the use of the pure MOF HKUST-1, in the form of a SURMOF (surface-anchored MOF) thin film sandwiched between two electrodes, as a resistive solid state memory device. 23 Interestingly the device operates within a much lower potential window (±1 V) than previously reported MOF based resistive memory devices. 23 At this stage the mechanism that causes this reversible change in resistance at low bias potential is not fully understood. The effect becomes more pronounced when ferrocene is incorporated into the pores of the HKUST-1 but, as the effect is also observed when pure HKUST-1 is used, it appears that it is possible for the MOF itself to be entirely responsible for the observed effect.
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An alternative method for obtaining a well adhered film of HKUST-1 in direct contact with an electrode material is the anodic dissolution method. 24 Application of a potential sufficient to oxidise Cu to Cu 2+ , between two Cu electrodes immersed in an electrolyte solution containing 1,3,5-benzenetricarboxylic acid (BTC) leads to the formation of a coating of HKUST-1 on the anode surface. Fig. 1 shows the paddle wheel structure that the Cu 2+ ions and BTC anions adopt within the HKUST-1 framework. Previous work has shown that when immobilised onto an electrode surface it is possible to use cyclic voltammetry to perform the redox interconversion, Cu 2+/+ on the Cu 2+ in the immobilised framework. 25 Other reports have also seen similar behaviour in BTC MOFs containing other metals such as Fe 3+/2+ . 26 For these redox interconversions to be performed as function of the applied potential the metal cations in the MOF crystals must be electrically accessible. Due to the low conductivity of these MOFs it is logical to assume that only the metal cations closest to the underlying electrode surface, the MOF/electrode interface (MEI), undergo the redox reaction.
Here we demonstrate that HKUST-1 coated Cu electrodes synthesised by facile, quick, scalable anodic dissolution and assembled into a sealed, symmetrical, two electrode coin cell configuration exhibit redox based, rewritable data storage behaviour. The resulting data storage devices are more stable to successive reading and can be rewritten many more times than other previously reported pure MOF-based devices. We also show the active material in the device is the HKUST-1 and attribute the data storage behaviour to the immobilisation of a fixed number of electrically accessible Cu cations within the porous HKUST-1 framework itself that are in the vicinity of the electrode surfaces.
. 
Characterisation of HKUST-1 coatings
The material coating the electrode, and the material produced in solution, was confirmed as HKUST-1 using a PANalytical X'Pert X-ray diffractometer. Powder X-ray diffraction (PXRD) patterns were obtained from ground samples using Cu-Kα radiation at 40 kV and 30 mA, in the range 3-60 2θ° (with a step size of 0.017 2θ° and scan step time of 66 s) whilst spinning. Confocal Raman spectroscopy was also performed using a Renishaw inVia microscope with a 532 nm (2.33 ev) excitation at a power of 1 mW with a 100 objective, and a grating of 1800 l mm -1 to achieve a spectral resolution of 1 cm
The morphology and quality of the HKUST-1 coatings were characterised on the anode surface using a FEI Quanta 200 (Environmental) Scanning Electron Microscope ((E)SEM). All images were obtained at 20 kV, under low vacuum with a water vapour pressure of 0.83 Torr and utilising both secondary and backscattered Electron Detectors.
Preparation of HKUST-1 data storage devices
For initial open cell testing of the data storage effect, two ca. HKUST-1/PVDF composite coated carbon fibre electrodes. The conductivity of the aqueous and non-aqueous electrolyte solutions was measured using a Mettler Toledo Seven Compact Conductivity Meter every 10 s for 10 minutes to obtain a stable reading. The conductivity of the solvents without the presence of the electrolyte was also obtained every 10 s for 5 minutes.
Operation of HKUST-1 data storage devices
HKUST-1 data storage devices were operated using both cyclic voltammetry and chronoamperometry. Cyclic voltammetry, used to both activate devices and switch them between "on" (high current) and "off" (low current) states, was performed in the range -0.8 to 0.8 V, the step potential was -0.61 mV and the scan rate varied from 0.07 to 2 V s -1
. Chronoamperometry, used to detect whether devices were in "on" (high current) or "off" (low current) states, was performed by applying a potential of between 0.2 and 0.5 V (device dependent) and recording the current once every 0.01 s for 0.1 s.
Results and Discussion

Characterisation of HKUST-1 coated electrodes
PXRD (Fig. S2a) confirms that the coating obtained on the electrode is highly crystalline HKUST-1 as reported previously. 24 The Raman spectra (Fig. S2b ) obtained also match that observed previously for HKUST-1. 28 SEM images taken using a secondary electron detector (Fig. S2c) corroborate that the coating is made up of good quality crystals that display the octahedral morphology typical of cubic HKUST-1. 24 SEM images taken using the backscattered detector (Fig. S2d) highlight that the crystals in the coating are well intergrown as the apparent absence of brighter areas in the image indicates that there is little to no exposed metal surface.
Open cell testing
Comparing the cyclic voltammograms obtained in saturated Na 2 SO 4 in 1:1 ethanol:H 2 O, when using HKUST-1 coated Cu electrodes as opposed to bare Cu electrodes, in the open cell set up (as described in Section 2.5) indicates that the redox response seen is due to the HKUST-1 coating (Fig. 2) . Whilst there is some, small Faradaic response that can be observed in the case of the bare Cu electrodes the magnitude of the peaks observed for the HKUST-1 coated Cu electrodes is significantly greater. This is to be expected if the observed behaviour is indeed due to the Cu 2+/+ pair, as whilst there will be a small concentration of Cu 2+ /Cu + species present in the form of oxides on the bare Cu surface, the concentration of Cu 2+ present at the electrode surface, once the electrode is coated in a ~ 10µm thick coating of HKUST-1 will be much greater. It has been demonstrated previously in a three electrode set up, that a HKUST-1 coated electrode displays a welldefined pair of peaks at a formal potential of ca. -0.1 V vs. Ag/AgCl, assigned to the Cu 2+/+ couple. 25 As the cyclic voltammograms recorded here were acquired using a two electrode set up it is not possible to accurately define the exact potential at which the observed peaks occur; however we can approximate that, as the cell is symmetrical, both electrodes experience half of the magnitude of the applied potential. 29 As the applied potentials at which the peaks occur are ca. -0.25 and 0.25 V we can estimate that the potential differences across each electrode/electrolyte interface are ca.
-0.125 and 0.125 V, respectively. As these values are not referenced to Ag/AgCl we cannot compare them directly with the formal potential obtained from a three electrode system, but the fact that the Cu II/I couple was the only one observed in the three electrode cyclic voltammetry strongly suggests that the peaks observed in Fig. 2 are due to the same redox couple. A schematic explanation for the observed cyclic voltammetry is given in Fig. 3 . . Current density defined relative to the geometric area of the underlying Cu electrode. At zero applied potential (1) the Cu ions in the HKUST-1 coatings at the MEI on both electrodes are in the 2+ oxidation state. As the potential is cycled slowly positive (2) the Cu 2+ in the HKUST-1 coating at the MEI on the right hand electrode (RHE) is reduced to Cu + whilst an oxidation occurs on the left hand electrode (LHE), probably related to the formation of surface oxide species on the underlying Cu (see Fig. 2 ). Then, as the potential is cycled back to zero (3), the system is unchanged. When the potential is then reversed and cycled slowly negative (4) the Cu + in the HKUST-1 coating at the MEI on the RHE is oxidised back to Cu 2+ and the Cu 2+ in the HKUST-1 coating at the MEI on the LHE is reduced to Cu + . Once again as the potential is cycled back to zero (5) the system is unchanged. The system can then be cycled repeatedly through steps 2 to 5, switching the system repeatedly from having Cu + on the RHE and Cu 2+ on the LHE, to having Cu 2+ on the RHE and Cu + on the LHE. The reason for the lower peak current on the first cycle of the device to step (2), compared to subsequent cycles (Fig. 3, top) is that the current flow is limited by the fact that the Cu cations in the HKUST-1 at the MEI on the LHE are unable to undergo oxidation in this cycle as they are already in the 2+ state. The fact that the system remains unchanged as it is cycled back to 0 V (steps 3 and 5) leads to the possibility of rewritable data storage. If, rather than cycling through steps 2 -5 in sequence the system is cycled through steps 4 and 5 twice in a row, we observe the cyclic voltammetry shown in Fig. 4 . The peak observed previously is present in the first cycle, but in the second cycle this feature is no longer visible. This is consistent with the proposed mechanism. In the first cycle (black) the Cu 2+ in the HKUST-1 at the MEI on the LHE is reduced to Cu + whilst on the RHE the Cu + in the HKUST-1 at the MEI is oxidised to Cu 2+ . Together these processes give rise to the observed peak. However in the second cycle (red) there is already Cu + on the LHE and Cu 2+ on the RHE which explains why no peak is observed. Using three electrode cyclic voltammetry ( Fig S3a) those Cu 2+ ions closest to the underlying electrode surface, the MEI, undergo the redox reaction. The fact that different peak current values are observed dependent on which way the system was cycled previously (Fig  4) , allows for the storage of rewritable data. Defining cycling negative (steps 4 and 5) as writing "on", cycling positive (steps 2 and 3) as writing "off" and applying a small positive voltage and recording the current as reading a state, provides a protocol for assessing the stability or rewritability of this HKUST-1 redox-based rewritable data storage device (see Fig.  5 ). Utilising this protocol the stability of written "on" and "off" states, to being repeatedly read was assessed in two different electrolyte solutions and the results can be seen in Fig. 6 .
In both the aqueous and non-aqueous electrolyte solutions, very similar behaviour is observed with repeated reading of an "on" state (Fig 6a and c) . The initial high peak current value recorded on the first read reduces rapidly with successive reads until, at around the 10 th reading, it becomes indistinguishable from the low peak current value of the "off" state. It is supposed that an "on" state in both electrolytes has an initial high peak current because the Cu + in the HKUST-1 at the MEI on the LHE is being oxidised to Cu 2+ , and the Cu 2+ in the HKUST-1 at the MEI on the RHE is being reduced to Cu + as a result of the potential applied to read the state. With successive reads this process progresses towards completion such that at approximately the 10 th reading all of the electrically accessible Cu cations have either been reduced or oxidised depending upon which electrode they are on, and the current observed is just that of the background. In contrast, with successive reading of the "off" state (Fig  6a and c) (Fig. 6a) the "off" state shows very little variation with successive reads; in contrast in the higher conductivity (~ 54 mS cm -1 ) 1M TEATFB in acetonitrile the "off" state displays the inverse behaviour to the "on" state (see Fig. S4 for conductivity measurements). Starting at a low peak current value it then increases rapidly with successive reads before becoming indistinguishable from the "on" state after around 10 reads. This behaviour is consistent with the proposed mechanism. When the system is in the "off" state, in the lower conductivity saturated Na 2 SO 4 in 1:1 ethanol:H 2 O (Fig 6a) , the current observed with successive reads changes little. This is because, as the Cu cations in the HKUST-1 at the MEI on the LHE and RHE are already in the Cu 2+ and Cu + states respectively, nothing happens when the read Fig. 5 Illustration of the potential steps performed for stability testing (top) and rewritability testing (bottom). For stability testing (top) an "on", or "off", state is "written" by cycling from 0 V to a high negative, or positive, potential and back to 0 V. A small positive "read" potential is then applied in order to read the device, a high current means the device is in a "on" state and a low current means it is in an "off" state. This "read" potential is then applied 9 more times, with a 1 minute gap between each "read". For rewritability testing (bottom) the same processes are applied but rather than "writing" the device once and "reading" it many times as in the stability test (top) the device is "rewritten" after every "read". Only the first 9 cycles of rewritability are shown potential is applied. As a result only the background current is observed at every read. It should be noted that this background current is reasonably high due to capacitive charge storage at the electrode/electrolyte interface. The reason that in the higher conductivity 1M TEATFB in acetonitrile in the "off" state shows the inverse behaviour to the "on" state is due to a "self-discharge" type process (Fig 6c) . Inspection of the CV in Fig. 2 reveals that the observed current is already rising in both directions at 0 V. This implies that the Cu 2+/+ redox reaction is able to occur at zero bias, which means that when no potential is being applied the Cu 2+ in the HKUST-1 at the MEI on the LHE can be reduced to Cu + and the Cu + in the HKUST-1 at the MEI on the RHE can be oxidised to Cu 2+ .
This results in the observed increase in the "off" current with successive reads. Whilst it is not possible to prevent the Cu 2+/+ redox reaction occurring at zero bias, by using the lower conductivity electrolyte solution the resistance of the device is increased. This significantly slows the rate of the Cu 2+/+ redox reaction at zero bias, giving rise to the observed stable behaviour of the "off" state in the lower conductivity electrolyte (Fig 6a) . The effect of writing the "on" and "off" states at scan rates faster than 0.07 V s -1 was also assessed (Fig. S5) . At the slowest scan rate (0.07 V s -1
) the "on":"off" ratio is ~ 2.11 (Fig 6a) , whilst at the fastest scan rate (2 V s -1 ) it is ~ 1.67 (Fig S5) . This again is consistent with the proposed mechanism, as if a slower scan rate is used to write a state the Cu 2+/+ redox processes on the LHE and RHE will have progressed further than if a faster scan rate was used. This effect is also apparent when assessing the rewritability of the system at the same range of scan rates. As the slower scan rate was demonstrated to give the best results all subsequent experiments were done with "on" and "off" states written at 0.07 V s -1 .
Whilst we have established that a lower conductivity electrolyte helps stabilise the written "off" states it does also have a negative impact upon the observed "on":"off" ratio (Fig  6b and d) , In the lower conductivity electrolyte (Fig 6b) the maximum "on":"off" ratio is ~ 3 whilst in the higher conductivity electrolyte it is > 5. This again is consistent with the proposed mechanism, as if a higher conductivity electrolyte is used the Cu 2+/+ redox processes on the LHE and RHE will have progressed further in a given time than if a lower conductivity electrolyte was used. The rewritability of the system is not significantly affected by the electrolyte solution as in both cases it is possible to write an "on" or "off" state, read correctly whether it was an "on" or "off" state and then write another "on" or "off" state, at least twenty times. Longer term testing of the rewritability of the system was not possible using the open cell set up due to solvent evaporation, so further testing was performed using a closed coin cell set up.
Coin cell testing
A schematic of the sealed coin cell architecture is shown in Fig. 7 . Initially the effect of the number of separators used in the coin cell set up upon the data storage system was investigated. Coin cells were prepared with 1, 2 and 4 separators and cyclic voltammetry was used to assess the behaviour of the different devices (Fig. S6) . The fewer the number of separators, the smaller the inter electrode separation and the greater the observed current density. Potentially of more interest however is the observed increase in peak-to-peak separation with increasing number of separators. It is clear that the peaks are being significantly broadened as well as shifted and therefore this behaviour is attributed to the increasing resistance of the device with the increasing number of separators.
It was discovered, when assessing the stability and rewritability of coin cell devices prepared using both the previously used electrolyte solutions, that the best stability and rewritability using the coin cell system was obtained when the larger number of separators was used so the resistance of the system was higher (Fig. 8 ). This corroborates with the positive effect that the lower conductivity electrolyte had upon the stability of the "off" states in the open cell set up. The effect on the stability of the stored data was the most pronounced, with "on" and "off" states still clearly distinguishable after 10 successive reads when using a larger number of separators. This is consistent with the proposed mechanism for the memory effect. A higher resistance across the device will reduce the rate at which the Cu 2+/+ redox process occurs when applying the potential to read a state, thus allowing for a greater number of successive reads before the reaction is complete and the "on" and "off" states become indistinguishable from each other.
The main reason for switching from the open cell to the coin cell system was in order to investigate the data storage effect exhibited by the HKUST-1 coated Cu electrodes over hours as opposed to just minutes. This did not prove possible using the 1M TEATFB in acetonitrile electrolyte as, regardless of whether an "on" or "off" state was written, after waiting ~ 1 hour it was not possible to distinguish between the states. This was attributed to the "self-discharge" process discussed previously. However, using the saturated Na 2 SO 4 in 1:1 ethanol:H 2 O successively enabled the storage of data to persist over hours as opposed to just minutes. Fig. 9 shows that an "on" or "off" state written 6 hours previously can still be identified correctly as an "on" or "off" state. This also demonstrates the reproducibility of the 6 hour stability. A device can go through at least 4 cycles of writing an "on" or "off" state, waiting 6 hours and then reading the state back successfully. This also demonstrates that a device is still operational 24 hours after the first use.
To verify that the observed effect was definitively due to the HKUST-1 coating, and not due to other factors such as increased quantities of copper oxides at the electrode surface as a result of the coating process, coin cell devices prepared using HKUST-1 drop cast onto carbon cloth electrodes (and bare carbon cloth electrodes) were also tested. Comparing the cyclic voltammetry of the HKUST-1 coated carbon cloth with that of the blank carbon cloth definitively demonstrates that the observed behaviour is due to the HKUST-1 coating; the stability and rewritability of the written "on" and "off" states is also very similar to that observed when using HKUST-1 coated Cu electrodes (Fig. S7) .
As well as testing the long term stability of the data stored using the coin cell based device the rewritability of the device over the long term was also tested. Fig. 10 shows the cyclic voltammograms used to write the 1 st "on" and "off" state in a device and then every 1000 th "on" and "off" state up to the 6000 th "on" and "off" state. Comparing the 1 st and 1000 th cycles the observed redox peaks become sharper and more intense, however by the 2000 th cycle the peaks have begun to broaden and reduce in intensity. This trend towards broader and less intense peaks then continues with increasing cycle number. Whilst the cyclic voltammetry of the coin cell device does change significantly, with the observed peaks becoming broader and less intense, the peaks are still present; thus the device is still operational after over 6000 cycles. This initial improvement in electrochemical behaviour, sharper peaks and higher currents, over the first 1000 cycles could be due to improved wetting of the HKUST-1 coated Cu electrode due to increased permeation of the electrolyte into the porous structure with successive cycling. Similar behaviour has been previously reported for other materials in general when exposed to such cycling and particularly in similar coin cell type devices. 31 PXRD analysis (Fig. S8a) shows that after all this cycling a significant proportion of the HKUST-1 coating has converted to another crystalline phase of Cu 2+ and BTC 32 and that significant amounts of copper oxide species are now also present. 33 The presence of a mixed phase coating at the end of the cycling, which presumably built up progressively during cycling, potentially explains the peak broadening and reduction in current observed in the cyclic voltammetry from 1000 cycles onwards. SEM images of the electrode (Fig S8b  and c) taken after the 6000 cycles corroborate the PXRD data, with large numbers of crystals of the morphology of the other crystalline phase of Cu 2+ and BTC observed alongside HKUST-1 crystals and copper oxide deposits. The results reported in this work are compared against the other pure MOF based data storage devices reported in the literature (Table 1 ). Whilst the "on":"off" ratio reported here (~5) is lower than typically reported, a difference in current density of ~ 1 mA cm -2 is more than sufficient to reliably distinguish between "on" and "off" states. The redox based nature of the data storage mechanism in the device reported here necessarily limits the stability of the written "on" and "off" states to successive reading, but the number of readable cycles reported here of 10 compares favourably with values reported in the literature. 12, 23 The rewritability reported here of > 6000 cycles is the highest reported value for a pure MOF device. Finally, whilst the stability of the stored "on" and "off" states reported here of 6 hours is not as high as that reported in previous work, further optimisation of the system should improve this value. These easily prepared symmetrical, two electrode coin cell devices made from HKUST-1 coated Cu electrodes are able to compete with, and in some cases exceed, the properties of the more laboriously prepared single crystal and SURMOF based devices. 
